We have been developing a program package called GRACE/SUSY-loop which is for the automatic calculations of the MSSM amplitudes in one-loop order. The non-linear gauge (NLG) fixing conditions play the crucial role in the calculations in one-loop order which contain a large number of Feynman diagrams. We present the recent progress in GRACE/SUSY-loop which is obtained by extending the non-linear gauge formalism to the slepton sector.
Introduction
Supersymmetry (SUSY) between bosons and fermions at the unification-energy scale is one of the most promising hypotheses in the theory beyond the standard model (BSM), which is expected to resolve the remaining problems in the standard model (SM). The minimal supersymmetric extension of the SM (MSSM) is consistent with all the known high-precision experiments at a level comparable to the SM.
Since it is a broken symmetry at the electroweak-energy scale, the relic of SUSY is expected to remain as a rich spectrum of heavy SUSY particles, i.e. partners of usual matter fermions (leptons and quarks), gauge bosons and Higgs bosons, which are named sfermions (sleptons and squarks), gauginos and higgsinos, respectively. The quest of these new particles is one of the most important aims of the high-energy physics at present and future colliders of sub-TeV-energy or TeV-energy region.
In particular, experiments at the ILC offer high-precision determination of SUSY parameters via e − e + -annihilation processes. Since the theoretical predictions with the high accuracy comparable to that of experiments is required to extract important physical results from the data, we have to include at least one-loop contributions in perturbative calculations of amplitudes.
Recently, we have calculated the radiative corrections to production processes and decay processes of SUSY particles in the framework of the MSSM using GRACE/SUSY-loop [1, 2, 3] which is a program package for automated computations of the MSSM in one-loop order. For the test of numerical results, we have used the non-linear gauge (NLG) formalism [4, 5, 6, 7, 8, 9] applied to GRACE/SUSY-loop [10] .
In this paper, we show the recent progress in GRACE/SUSY-loop which is obtained by extending the non-linear gauge formalism to the slepton sector.
For many-body final states, each production process or decay process is described by a large number of Feynman diagrams even in tree-level order. There are still more Feynman diagrams in one-loop order even for two-body final states. For this reason, we have developed the GRACE system [11] , which enables us to calculate amplitudes automatically.
A program package called GRACE/SUSY-loop is the version of the GRACE system for the calculation of the MSSM amplitudes in one-loop order, which includes the model files of the MSSM and can produce corresponding 2-point functions and counter terms. For the automatic calculation of the MSSM amplitudes in one-loop order, there exist other program packages independently developed by other groups, SloopS [12] and FeynArt/Calc [13] .
As explained in [1] , the renormalization scheme adopted for the electroweak (EW) interactions in GRACE/SUSY-loop is a variation of the on-mass-shell scheme [14, 15, 16, 17, 18] , which is an MSSM extension of the scheme in the SM used in GRACE-loop [11] . There are some degrees of freedom in the renormalization conditions of the sfermion sector. We can choose different sets of residue conditions, decoupling conditions on the transition terms between the lighter and the heavier sfermions.
In GRACE/SUSY-loop, we use the technique of the NLG formalism [4, 5, 6, 7, 8, 9] in order to confirm the validity of calculations by imposing the NLG invariance on physical results. The NLG formalism is an extension of the linear R ξ -gauge. The gauge fixing lagrangian for the EW interactions in the NLG [10, 12] is given as follows:
where (1) contains seven independent NLG-parameters, (α,β,δ H ,δ h ,κ,ǫ H ,ǫ h ). The numerical tests are performed by varying these parameters.
Renormalization conditions in the slepton sector
The bare mass term in the slepton sector of MSSM lagrangian is given by
where
It contains three parameters m ℓ L , m ℓ R and A ℓ . Diagonalizing the mass matrix, we determine the mixing angle θ ℓ and the mass eigenvalues ml
while the mass of theν is given by (m 
This relation is valid among the bare quantities as well as among the renormalized quantities.
In the slepton sector, there are three mass renormalization constants, five wavefunction renormalization constants, and one mixing angle renormalization constants for each generation. They are δml
We introduce the wavefunction renormalization constants in the unmixed fieldsl L andl R for each charged slepton.
which can be also written as
The first equation of (10) means, in particular,
and inserting this expression in (9), we find
Therefore, four wavefunction renormalization constants, Z We have adopted the following renormalization conditions in our paper on the chargino pair-production and decays [1] .
• the on mass-shell conditions for all the three sleptons in each generation
• the residue conditions for all the three sleptons in each generation
• the decoupling conditions for the on-shelll i withl j , (j = i,l =ẽ,μ,τ )
• SU(2) relation for δθ ℓ 1 We use the convention, ml 1 < ml 2 which lead to the following expressions for the renormalization constants.
4 Extension of non-linear gauge formalism
We can extend the NLG functions (2) and (3) by including bilinear forms of sleptons with new NLG parametersc's [3] as follows:
while F W − is hermitian conjugate to F W + . In this paper, we focus on the NLG parameterc τ 1 in the NLG function F W ± , and set ξ W = 1 in order to avoid the instability in the one-loop calculations. The Feynman rules of vertices in the linear gauge are modified by introducing the NLG parameterc τ 1 as shown in Figure 1 .
The gauge invariance of NLG in the one-loop calculations is guaranteed by the BRST transformation, which leads to the introducion of the Faddeev-Poppov ghosts, ω ± , ω Z and ω γ , and anti-ghosts,ω ± ,ω Z andω γ . The corresponding ghost lagrangian to the NLG parameter c τ 1 is given as follows:
Numerical tests
We have calculated the slepton decay widths in one-loop order including the NLG gauge fixing functions (18) . Here we present the results of the process,τ 2 →τ 1 + h 0 . Typical
Figure 1: Feynman rules including the NLG couplings
Feynman diagrams of this process concerned in the NLG couplingc τ 1 is shown in Figure 2 . We have investigated coefficients of the zeroth power to fourth power ofc τ 1 in the UV part and UV finite part. Table 1 shows nemerical results, in which we have used SUSY parameters as M 2 = 400 GeV, µ = −100 GeV, tan β = 30, mτ 1 = 495.84 GeV, mτ 2 = 608.23 GeV and θ τ = 0.74π. Then we have confirmed the NLG invariance of vertices for the two-body decays in one-loop order.
We have also calculated cross sections of the scattering processes systematically to test the NLG invariance of up to four-point vertices in one-loop order. Here we present the results of the process,τ 1 +τ * 1 →τ 1 +τ * 1 . Typical Feynman diagrams of this process concerned in the NLG couplingc τ 1 is shown in Figure 3 . Table 2 shows numerical results.
Summary
We have developed the program package GRACE/SUSY-loop for the MSSM amplitudes in one-loop order, and extended the non-linear gauge formalism applied to GRACE/SUSY-loop by introducing the gauge fixing terms of bilinear forms of sleptons. Then we have confirmed the NLG invariance of the MSSM amplitudes in one-loop order for decay processes and scattering processes using GRACE/SUSY-loop.
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